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Abstract
Magnetic solid phase extraction (MSPE) have been widely applied in a variety of sample preparation techniques.
Herein, Fe3O4@pDA as the sorbents for MSPE, were developed for the determination of phenolic acids and ﬂavonoids in
fruit wine samples in combination with LC-MS/MS. The Fe3O4@pDA were characterized by Fourier transform infrared
spectroscopy (FT-IR), powder X-ray diffraction (PXRD), transmission electron microscopy (TEM), Superconducting
Quantum Interference Device Magnetometer (SQUID) and thermogravimetric analysis (TGA) in detail. In the present
study, a new, rapid, and efﬁcient MSPE by LC-MS/MS was established for the extraction and sensitive detection of
phenolic acids and ﬂavonoids. Under the optimized condition of extraction procedure including the pH value of 4.0,
10 mg of Fe3O4@pDA, 60 s extraction time, and 600 mL desorption solvent volume, good responses were investigated.
Results showed that the limits of detection (S/N ¼ 3) for phenolic acids and ﬂavonoids were in the range of 0.01e0.29 ng/
mL. The correlation coefﬁcients of all analytes were more than 0.9985. The method was satisfactorily used for the
detection of eleven analytes, and the recoveries of these targets for the two spiked wines (white grape wine and litchi
wine) ranged from 80.03 to 116.68% and from 84.00 to 116.1%, respectively.
Keywords: Flavonoids, Fe3O4@pDA, LC-MS/MS, Magnetic solid phase extraction, Phenolic acids

1. Introduction
henolic acids and ﬂavonoids, a class of
important hydroxylated derivatives of benzoic acids and cinnamic acids [1], commonly used
antioxidant and might inhibit diseases such as
cardiovascular disease, cancer, chronic disease
and human immunodeﬁciency virus (HIV) [2e4].
These phenolic acids and ﬂavonoids have been
known as the major participator in the antioxidant
capacity of the herbs, fruits, vegetables, nutritional supplements and wines because of their
matrix complexity, then are rarely to analyze [5,6].
To date, various pretreatments such as
liquideliquid extraction (LLE) [7,8], solid-phase

P

extraction (SPE) [9,10], microwave-assisted extraction (MAE) [11], hollow ﬁber liquid-phase microextraction
(HF-LPME)
[12,13],
dispersive
liquideliquid microextraction (DLLME) [14] and
solid-phase microextraction (SPME), the QuEChERS method et al., have been widely used in
phenolic acid samples [15,16]. So far, commercial
SPE cartridges have demonstrated good extraction
efﬁciency for six phenolic acids [17], while other
sorbents only extract 2e4 types of phenolic acids
[18,19]. However, magnetic solid phase extraction
(MSPE) has attracted researcher attention due to its
advantages of simple operation, biocompatibility,
superparamagnetic property, low toxicity and
instead of processes such as the centrifugation in
traditional dispersive SPE [20,21].
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Recent developments have focused on the synthesis of dopamine (DA), which contains catechol
and amine functional groups, polydopamine (pDA)
can be produced by self-polymerization at a weak
alkaline pH [22e25]. The pDA exhibits excellent
biocompatibility and adsorption properties and has
been considered as an environmentally benign
functional material for use in a broad range of
biotechnology [26,27], electrochemical [28], nanotechnology [29], and membrane [30] applications.
Therefore, we groundbreaking developed simple,
and green approach due to Fe3O4@pDA has two
functions in this extraction such as avoiding centrifugation step and containing the positively charged
Fe3O4eNH2 able to catch negatively charged
phenolic acids by electrostatic interaction [31,32].
However, simplifying the operation would reduce
the whole sample preparation time.
The present research mainly focuses on the synthesize rapid, cost effective, and Fe3O4 nanoparticles
with different surface modiﬁcations, characterize
them by using TEM and FTIR. MSPE parameters
determining the extraction efﬁciency, including
magnetic adsorbent, extraction solvent and desorption solvent, adsorbent amount, desorption solvent
volume, extraction time, and desorption time, were
investigated. Finally, rapid analysis of low levels of
phenolic acids and ﬂavonoids in fruit wine samples by
MSPEHPLCMS/MS method was demonstrated.

2. Experimental
2.1. Chemical and reagents
HPLC-grade methanol (MeOH) and HPLC-grade
acetonitrile (ACN) were purchased from J.T. Baker.
Formic acid and Chlorogenic acid (CGA), Ferulic
acid (FA), p-Coumaric acid (p-CMA), Caffeic acid
(CA), Gallic acid (GA), Catechin (Cate), Epicatechin
(Epi), Rutin (Ru), Quercetin (Que), Hesperetin (Hes),
Sinapinic acid (SA), and Ammonium acetate (AA)
were purchased from SigmaeAldrich. Caffeic acid
-13C3 (CA-13C3) and trans-Ferulic acid-d3 (FA-d3)
were purchased from TRC. Acetic acid (HOAc) was
purchased from Merck.
2.2. Sample preparation method and LC-MS/MS
analysis
10 mL aliquot of each wine sample supernatant
after centrifugation was added 100 mL 1 mM AA pH
4.0, was diluted with 100 mL 50% MeOH (v/v) and
0.1% formic acid. Then 25 mL diluted wine sample
was spiked with 25 mL of internal standards (IS)
solution (10 ng mL1 caffeic acid-13C3 and 50 ng

mL1 ferulic acid-d3) and the solution is vortexed
and was stored at 20  C till the time of analysis. A
20 mL diluted wine sample was separated by Agilent
1200 HPLC system coupled with an Agilent Eclipse
plus C18 (100 mm  4.6 mm, 3.5 mm) column at ﬂow
rate of 0.35 mL min1. The optimized mobile phase
gradient entails the succeeding modiﬁcations of
mobile phase A (100% H2O, v/v with 0.1% formic
acid) and mobile phase B (100% MeOH, v/v with
0.1% formic acid). The gradient initially started at
50% mobile phase A, which was maintained for 2.5
min, and then changed to 10% mobile phase A in 0.1
min. This composition was maintained for 5.5 min
and then ramped to 50% mobile phase A in 0.1 min,
and held for 5.6 min at 50% mobile phase A. The
total run time was 11 min. After which the next
sample was injected. The mass spectrometric data
were acquired using a triple-quadrupole mass
spectrometer, API 3000 (Applied Biosystem, MDS
SCIEX, Concord, Ontario, Canada) which coupled
with TurboIonSpray source. The electrospray ionization (ESI) interfaces which was operated in
negative ion mode with an ion spray voltage of
4200 V. The turbospray settings were as trails:
nebulizer gas pressure at 10 psi, curtain gas at 8 psi,
collision activated dissociation (CAD) gas pressure
at 6 psi, and the source temperature at 450  C.
2.3. Preparation of Fe3O4, Fe3O4@pDA,
Fe3O4@SiO2, Fe3O4@SiO2@C18 and
Fe3O4@SiO2@APTES
The Fe3O4 were obtained by a solvothermal
method according to a previous report [33]. 2.0 g of
FeCl3$6H2O and 5.4 g of NH4OAc were dispersed in
60 mL of ethylene glycol, was stirred continuously
for 20 min at 25  C and then transferred into a
Teﬂon-lined stainless-steel autoclave (100 mL capacity). The solution was heated at 200  C and
maintained for 10 h, and then it was cooled to room
temperature, washing was repeated three times by
ethanol and water, was dried at 45  C for further use.
The Fe3O4@pDA materials were synthesized according to the reported method [33]. The powder of
Fe3O4 (100 mg) was immersed in 50 mL of 10 mM TisHCl buffer (pH 8.5) and 100 mg of dopamine hydrochloride, mixed by ultrasonic apparatus for 5 min and
then reﬂuxed for 12 h at room temperature. Subsequently, the product was washed three times with
ethanol and water, was dried at 45  C for further use.
The Fe3O4@SiO2, Fe3O4@SiO2@C18 and Fe3O4@SiO2@APTES materials were synthesized according to
the reported methods [34,35]. For Fe3O4@SiO2 modiﬁcation, freshly prepared magnetite nanoparticles
(0.1 g) dispersed in ethanol (100 mL) and deionized

water (14 mL) and sonicated for 45 min, followed by
the addition of aqueous ammonia (3.6 mL, 25%).
0.72 mL of tetraethyl orthosilicate (TEOS) was then
added slowly to the reaction solution under mechanical stirring 12 h. For Fe3O4@SiO2@C18 modiﬁcation,
0.1 g Fe3O4@SiO2 and 0.4 mL trimethoxyoctadecylsilane were dissolved in 35 mL toluene,
then was kept for 8 h at 80  C. The product was washed
with ethanol for three times and dried. For Fe3O4@SiO2@APTES modiﬁcation, 0.4 g Fe3O4@SiO2 and
0.8 mL 3-aminopropyltriethoxysilane (APTES) were
dissolved in 10 mL toluene, then was kept for 12 h at
110  C. The product was washed with ethanol for three
times and dried.
2.4. Characterization of polydopamine
microcapsules
The evolution of morphology and structure of synthesized pDA microcapsules were determined by
transmission electron microscopy (TEM) on a JEM
2000FXII electron microscope (JEOL, Japan). Powder
X-ray diffraction (PXRD) patterns were recorded on a
diffractometer (BRUKER D2 PHASER 2nd Generation) for Cu Ka radiation (l ¼ 1.54184 Å) with a scan
speed of 2 s in 2q from 5 to 80 . Fourier-transform
infrared spectroscopy (FT-IR) was recorded on a
Perkin Elmer 100, and magnetic properties was
analyzed on a MPMS3 SQUID (Quantum Design,
USA). The thermal stability of the pDA microcapsules
was measured by thermogravimetric analysis (Perkin
Elmer TGA 7). TGA was performed by heating the
specimens from 50 to 900  C at 10  C/min in air ﬂow
(100 mL/min).
2.5. Magnetic solid phase extraction procedure
The powder of 10 mg of Fe3O4@pDA were added to
200 mL of the standard solution or sample solution.
The Fe3O4@pDA was then collected by applying a
magnet to the outer wall of the vial and eluted with
600 mL of methanol under vortex for 1 min. The supernatant was collected and ﬁltered through a 0.22 mm
membrane to eliminate particulate matter before
HPLC analysis. MSPE parameters were demonstrated (spiked concentration of 10 ng/mL each for
phenolic acids and ﬂavonoids, n ¼ 3), with the initial
extraction conditions as follows: sample pH, 4.0;
adsorbent amount, 10 mg; extraction time, 60 s;
desportion solvent, methanol 600 mL in the procedure.
2.6. Method validation
The study was to develop a validated method, so
we check the parameters as follows the US FDA [36].

Wine samples collected from two types of wine were
analyzed by LC-MS/MS for the presence of
phenolic acids and ﬂavonoids, used as the blank
wine matrix for the matrix effect test.
2.6.1. Stock solution and calibration curve
Stock standard solutions of phenolic acids and
ﬂavonoid at a concentration of 1000 mg/mL in
MeOH was stored in the refrigerator. Nine concentrations of standard solutions were diluted from
0.1 to 50.0 ng/mL with 50% MeOH (v/v) and 0.1%
formic acid and blank wine matrix, and were spiked
with a ﬁxed amount of 10 ng/mL caffeic acid-C3 and
50 ng/mL ferulic acid-d3 as internal standards (IS).
The QC sample was prepared daily in 10 ng/mL
standard solution containing IS in neat solvent.
2.6.2. Precision and accuracy
Precision and accuracy were indicated at three
spike levels (5, 20, and 100 ng/mL) of the standard
solutions in the two wine samples (n ¼ 3) and by
calculating the CV (coefﬁcient of variation). Intraday and inter-day variations spiked with 5, 20 and
100 ng/mL in the two wine samples and calculating
the accuracy and CV (coefﬁcient of variation) (n ¼ 3)
and obtained on different days from the same two
wine samples subject, respectively.
2.6.3. Matrix effect
To study the matrix effect, we injected the mixtures of internal standards in neat solvent and in
matrix. The matrix effect was deﬁned as a percent
ratio of the mean area of peaks from the standard in
the matrix and the mean area of peaks from the
standard in neat solvent.
Matrix effects were assessed at nine concentrations for each of the phenolic acids and ﬂavonoids
by comparing the peak areas of quintuplicate runs
at each concentration for analyte standards in a neat
solvent and in the two spiked wine samples. The
relative matrix effect was established according to
the following formula:
ME% ¼ A

(analyte standards (in diluted wine))

standards (neat solvent))

 100%

/A

(analyte

3. Results and discussion
3.1. Characterization of magnetic materials
TEM (Fig. S1 (a)e(e)) displayed a signiﬁcant difference in color between the neat Fe3O4 and the
@pDA, @SiO2, @SiO 2@C18 and @SiO2@APTES.
TEM images demonstrated a spherical structure
with a diameter of 309.4 ± 0.9 nm, 322.6 ± 1.6 nm,
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314.0 ± 3.7 nm, 350.5 ± 5.0 nm and 328.2 ± 2.6 nm,
respectively (Fig. S1), which indicated that these
materials were successfully coated with Fe3O4. To
further demonstrate that the magnetic nanoparticles
were favorably coated by @pDA, @SiO2,
@SiO2@C18 and @SiO2@APTES, the techniques of
FT IR, PXRD, TGA and SQUID were utilized. The
FT-IR spectra showed a signiﬁcant difference in
Fig. S2. For the Fe3O4, the strong absorption peak at
580 cm1 was characteristic of FeeO stretching vibration. For pDA, the adsorption peaks at 3420 and
1604 cm1 were assigned to the stretching vibration
of OeH and C]C of the catechol structures; the
adsorption peaks at 3120 and 1288 cm1 could be
attributed to NeH bond and CeN stretching vibration. PXRD characterization was applied to
further investigate the composition of Fe3O4 and the
@pDA, @SiO2, @SiO2@C18, and @SiO2@APTES,
and the results are illustrated in Fig. S3, Supporting
Information. The PXRD result provided evidence
conﬁrming the existence of Fe3O4 in the composite.
For Thermal Stability Investigation (Perkin Elmer
TGA 7), the thermal stability of Fe3O4 was determined in air with a heating rate of 10  C/min
(Fig. S4). The Fe3O4 @pDA showed two weight loss
stages in the 50e900  C range in the TGA thermogram. The ﬁrst step degradation (5.86% weight loss)
was due to physically combined water below 120  C.
The second weight loss of 38.48% was observed
from 120 to 500  C because of pyrolysis of the
remaining organic solvents and thermal decomposition. The magnetic properties of Fe3O4 and the
@pDA, @SiO2, @SiO2@C18, and @SiO2@APTES
were studied using a vibrating sample magnetometer (Fig. S5). After being coated by @pDA, @SiO2,
@SiO2@C18 and @SiO2@APTES, the magnetic
response of the Fe3O4 was modiﬁed, the saturated
magnetization values of Fe3O4 and the @pDA,
@SiO2, @SiO2@C18, and @SiO2@APTES were 80.97,
58.14, 55.60, 51.94 and 46.94 emu/g, respectively.

acid and ﬂavonoids. Generally, these phenomena
reduce the extraction efﬁciency in this work. Comparison of these sorbents, isoelectric point of the
Fe3O4@pDA was found to be approximately 4.9,
results in the positive charge, which is favorable for
the negatively charged target analytes to be adsorbed on Fe3O4@pDA through the electrostatic
attraction. Electrostatic interaction may be the main
adsorption mechanism between target analytes and
Fe3O4@pDA. In addition, the amino groups can also
form the hydrogen bonds with hydroxyl groups and
p-p interaction between Fe3O4@pDA and phenolic
acid and ﬂavonoids is stronger than other materials
with phenolic acid and ﬂavonoids, and thereby can
also contribute the high adsorption. Although surface charge of Fe3O4@SiO2@APTES is also positive,
lacking of aromatic rings result in low extraction
efﬁciency. From the abovementioned results,
Fe3O4@pDA was selected for the best sorbent.
To optimize the effect of sorbent quantity on its
extraction efﬁciency for phenolic acids and ﬂavonoids, Fe3O4@pDA amounts of 3e20 mg were
investigated. As shown in Fig. 2, the Fe3O4@pDA
had excellent enrichment ability for the analytes.
The adsorption rate increased follow by the sorbent
doses from 3 to 20 mg, up to 10 mg is no signiﬁcant
increase of adsorption capacity. Therefore, 10 mg of
the Fe3O4@pDA were used in the following studies.
3.2.2. Effect of sample solution pH
The pH can affect analyte extraction by changing
either the stability or the chemical structure of the
analytes and the surface charge of the Fe3O4@pDA
[37]. Therefore, sample solution pH was from 2.0 to
10.0 were investigated and the results were shown

3.2. Optimization of extraction conditions for
MSPE
To achieve the best separation condition such as
pH, amount of adsorbent, extraction time, desportion
time and desportion solvent, were studied and optimized for phenolic acids and ﬂavonoids for pre-concentration and clean-up.
3.2.1. Comparison of sorbents and amounts of sorbents
Based on Fig. 1, the Fe3O4@SiO2, Fe3O4@SiO2@C18 surface is negatively charged at pH 4.0,
there is electrostatic repulsion between phenolic

Fig. 1. Comparison of different sorbents on the extraction efﬁciency of
phenolic acids and ﬂavonoids, sorbent amount, 10 mg; pH 4.0;
adsorption time, 60 s; desorption solvent, MeOH; desorption solvent
volume, 600 mL, and desorption time, 60 s.
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3.2.3. Effect of extraction time proﬁle
The extraction time can be an important parameter in adsorption condition. The extraction time
was varied from 30 to 600 s, as shown in Fig. 4a, the
Fe3O4@pDA showed the adsorption amount
decreased slightly before reaching adsorption
equilibrium after 180 s. Due to longer extraction
times might lead to the dissolution of the analytes
into the matrix. For the following analysis, 60 s was
selected as the extraction time.

Fig. 2. Inﬂuence of the Fe3O4@pDA amount on the extraction efﬁciency
of phenolic acids and ﬂavonoids.

in Fig. 3. The extraction capacity of Fe3O4@pDA
increased as the sample pH was increased from 2.0
to 4.0, while decreased as the pH values over 4.0.
The phenomenon might be explained that target
analytes were almost weak acids with pKa values in
the range of 3.14e4.10, so the efﬁcient extraction at
pH 4.0 may be attributed to the following factors:
electrostatic interaction between negatively charged
carboxyl groups of phenolic acids and positively
charged Fe3O4@pDA. In addition, the GA (pKa 4.0)
and Que (pKa 7.1) maintained their neutrality and
would disturb the electrostatic interaction between
Quercetin (Que) and the Fe3O4@pDA adsorbent,
resulting in a reduced recovery. Finally, the results
show sample solution pH was set at 4.0 for following
experiments.

3.2.4. Effect of desorption conditions
In the extraction process, the selection of the
different polarity solvent for desorption of the target
analytes by Fe3O4@pDA is quite essential. According to the principle of like dissolves like, a good
choice between the polarities of desorption solvent
and target analytes should provide to better recovery. Six organic solvents, including methanol
(MeOH), acetone, ACN, ethyl acetate (EA), methyl
tert-butyl ether (MTBE) and hexane, were evaluated, Fig. 4b shows that the recovery of phenolic
acids and ﬂavonoids reached the maximum when
MeOH was used as the desorption solvent. Therefore, MeOH volumes of 200 mLe600 mL were also
assessed. As shown in Fig. 4c, desorption solvent of
600 mL achieved the maximum analyte recovery.
To achieve the reliable results, MeOH was studied
as the desorption solvent and desorption solvent
volume on the extraction efﬁciency was studied, and
also 600 mL was considered the suitable desorption
solvent volume for the desorption process. On the
other hand, the desorption time of analytes was
evaluated in a range of 30e600 s. Fig. 4d shows that
after 60 s of desorption, quick equilibrium and no
more analyte was detected in the eluent. Finally, the
analytes were eluted with 600 mL of MeOH for 60 s
in the further analysis.
3.3. Reusability of the MSPE
The reusability of the Fe3O4@pDA was evaluated
by magnetic properties of the phenolic acids and
ﬂavonoids at each adsorption run in ﬁrst cycle, after
1e4 months of extraction. According to Fig. S6, the
magnetic properties remained almost stable, indicating that Fe3O4@pDA was mechanically stable and
possessed excellent reusability.
3.4. Validation of the optimal extraction condition

Fig. 3. Effect of sample pH in phenolic acids and ﬂavonoids.

The Fe3O4@pDA extraction MSPE was applied to
phenolic acids and ﬂavonoids. In the optimal condition, Fe3O4@pDA was validated to determine
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Fig. 4. (a) Liquideliquid extraction vortex time (b) Fe3O4@pDA of different extraction solvents (c) different extraction solvent volumes and (d)
desorption time on the extraction efﬁciency of phenolic acids and ﬂavonoids.

and 0.02e0.96 ng/mL, respectively (Table 1). The
above results demonstrated the good repeatability
and reproducibility of the Fe3O4@pDA.

the accuracy and precision were determined in
intra-and inter day and shown in Tables S1 and S2.
The obtained extraction recoveries for phenolic
acids and ﬂavonoids based on intra and inter day
(n ¼ 3) were in the range of 84.07e116.68% and
80.33e120.78% in white grape wine and 84.00e
116.10% and 83.55e119.42% in litchi wine, respectively. The LOD and LOQ were 0.01e0.29 ng/mL

3.5. Real sample analysis
In order to evaluate the applicability of the
Fe3O4@pDA, it was selected to extract phenolic

Table 1. Linearity and sensitivity of phenolic acid and ﬂavonoids analysis by LC-MS/MS.
Analyte

Calibration range Retention time Calibration curves
(ng/mL)
(min)

Gallic acid (GA)
Catechin (Cate)
Epicatechin (Epi)
Chlorogenic acid (CGA)
Caffeic acid (CA)
Sinapinic acid (SA)
p-Coumaric acid (p-CMA)
Ferulic acid (FA)
Rutin (Ru)
Quercetin (Que)
Hesperetin (Hes)

0.1e50
0.5e50
0.5e50
0.1e50
0.5e50
1.0e50
0.5e50
0.2e50
0.2e50
0.2e50
1.0e50

a
b

LOD: Limit of detection.
LOQ: Limit of quantiﬁcation.

3.34
3.46
3.87
3.66
4.76
6.10
6.46
6.49
7.53
9.01
9.21

y
y
y
y
y
y
y
y
y
y
y

¼
¼
¼
¼
¼
¼
¼
¼
¼
¼
¼

8.4776x
0.1674x
0.0955x
0.0778x
0.7778x
0.0072x
0.7237x
0.1138x
0.1876x
0.1909x
0.2423x

þ
þ
þ
þ
þ

þ
þ
þ

þ

2.5480
0.0143
0.0169
0.0135
0.1366
0.0021
0.0232
0.0004
0.0234
0.0217
0.0124

Correlation coefﬁcient (R2) LODa
LOQb
(ng/mL) (ng/mL)
0.9992
0.9994
0.9995
0.9995
0.9995
0.9996
0.9996
0.9985
0.9995
0.9985
0.9987

0.01
0.06
0.08
0.01
0.09
0.29
0.18
0.06
0.04
0.04
0.27

0.02
0.21
0.25
0.04
0.29
0.96
0.60
0.20
0.14
0.14
0.91

Table 2. Phenolic acids and ﬂavonoids in real sample.

White grape wine
Litchi wine

GA
(ng/mL)

CGA
(ng/mL)

CA
(ng/mL)

p-CMA
(ng/mL)

FA
(ng/mL)

Ru
(ng/mL)

Que
(ng/mL)

Hes
(ng/mL)

SA
(ng/mL)

Cate
(ng/mL)

Epi
(ng/mL)

60.28
41.82

17.69
4.27

19.43
7.60

29.81
14.85

68.82
74.44

10.08
0.96

10.52
4.80

N.D.
N.D.

41.73
19.75

39.26
2.23

1.80
1.60

N.D.: Not detected.

acids and ﬂavonoids in two fruit wine. Furthermore,
after the Fe3O4@pDA step, these interferences were
greatly reduced, and the satisfactory results are
presented in (Table 2). The phenolic acids and ﬂavonoids concentrations for fruit wine were found to
be in the range of 0.91e26.5 ng/L.

developed method provides good repeatability and
good recovery and can be successfully applied to the
determination of phenolic acids and ﬂavonoids in
various wine samples.

4. Conclusions

The authors declare that they have no conﬂicts of
interest.

The results obtained in this work show that
magnetic Fe3O4@pDA material was synthesized and
applied to a new magnetic adsorbent for the preconcentration and coupled to LCeMS/MS determination of phenolic acids and ﬂavonoids from two
fruit wine samples.
The method provides quite a fast interaction between the phenolic acids, ﬂavonoids and
Fe3O4@pDA, and without the need for additional
centrifugation. These results demonstrated that the
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Appendix A. Supplementary material

Fig.S1. TEM images of (a) Fe3O4, (b) Fe3O4@pDA, (c) Fe3O4@SiO2, (d) Fe3O4@SiO2@C18 and (e) Fe3O4@SiO2@APTES.
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Fig.S4. TGA thermogram of (a) Fe3O4, (b) Fe3O4@pDA, (c) Fe3O4@SiO2, (d) Fe3O4@SiO2@C18 and (e) Fe3O4@SiO2@APTES.

Fig.S2. The FT-IR spectra showed a signiﬁcant difference (a) Fe3O4, (b)
Fe3O4@pDA, (c) Fe3O4@SiO2, (d) Fe3O4@SiO2@C18 and (e) Fe3O4@SiO2@APTES.

Fig.S5. The magnetic property of (a) Fe3O4, (b) Fe3O4@pDA, (c)
Fe3O4@SiO2, (d) Fe3O4@SiO2@C18 and (e) Fe3O4@SiO2@APTES.

Fig.S3. PXRD characterization was applied to further investigate the
composition of (a) Fe3O4, (b) Fe3O4@pDA, (c) Fe3O4@SiO2, (d)
Fe3O4@SiO2@C18 and (e) Fe3O4@SiO2@APTES.

Fig. S6. Inﬂuence of reusability on the extraction efﬁciency.

Table S1. Analytical performance of the method for the phenolic acids and ﬂavonoids in white grape wine.
Sample

Analyte

Spike Level (ng/mL)

Inter-day

b

(n ¼ 9)

Recovery (%) ± SD

Recovery

c

(%) ± SD

84.07 ± 3.73
114.86 ± 3.50
115.43 ± 2.67
87.50 ± 2.87
110.84 ± 1.83
113.70 ± 2.85
84.42 ± 3.26
109.22 ± 1.73
110.54 ± 1.12
107.56 ± 4.85
114.01 ± 1.82
115.65 ± 0.51
95.86 ± 6.47
112.53 ± 5.66
116.68 ± 4.87
93.39 ± 2.38
108.78 ± 7.17
107.24 ± 3.52
88.95 ± 3.00
88.21 ± 6.00
104.99 ± 4.86
88.92 ± 4.53
114.31 ± 4.32
113.04 ± 3.18
85.24 ± 14.08
83.42 ± 2.39
108.88 ± 6.21
113.91 ± 1.27
113.21 ± 3.15
84.94 ± 1.51
105.30 ± 6.91
82.27 ± 5.39
80.03 ± 3.38

86.24 ± 3.61
115.06 ± 0.96
115.46 ± 2.33
84.78 ± 8.55
109.52 ± 6.67
112.02 ± 8.86
80.33 ± 4.90
107.54 ± 2.98
110.30 ± 4.35
116.73 ± 9.44
119.69 ± 4.96
120.78 ± 6.42
80.62 ± 6.71
114.78 ± 2.67
112.48 ± 6.74
99.06 ± 6.82
115.18 ± 7.35
115.58 ± 8.44
89.10 ± 0.03
97.38 ± 9.45
114.08 ± 9.86
88.46 ± 4.19
115.67 ± 4.41
111.66 ± 6.03
82.17 ± 4.46
75.09 ± 7.65
112.04 ± 9.05
94.30 ± 7.34
99.15 ± 1.57
86.24 ± 7.20
101.64 ± 13.21
88.04 ± 7.36
84.94 ± 7.20

Intra-day

a

(n ¼ 3)

c

White grape wine

GA

5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100

CGA

CA

p-CMA

FA

Ru

Que

Hes

SA

Cate

Epi

a
b
c

n ¼ 3 extractions in the same day.
n ¼ 9 extractions in 3 consecutive days.
Recovery (%) ¼ (spike sample conc. e non-spike sample conc.)/spike conc.  100%.

Table S2. Analytical performance of the method for the phenolic acids and ﬂavonoids in litchi wine.
Sample

Analyte

Spike Level (ng/mL)

Inter-day

b

(n ¼ 9)

Recovery (%) ± SD

Recovery

c

(%) ± SD

105.45 ± 6.76
95.98 ± 4.48
89.87 ± 7.36
102.91 ± 1.67
93.65 ± 1.22
94.54 ± 4.65
111.86 ± 2.44
102.73 ± 0.48
104.99 ± 2.88
102.71 ± 8.39
105.56 ± 1.19
107.04 ± 4.42
104.66 ± 8.17
108.06 ± 6.43
111.26 ± 3.99
116.10 ± 7.25
95.59 ± 0.68
101.28 ± 2.10

107.03 ± 5.33
91.02 ± 9.46
89.25 ± 2.37
119.42 ± 5.96
113.81 ± 7.49
110.81 ± 4.09
112.88 ± 2.73
107.07 ± 3.96
105.32 ± 0.52
111.68 ± 8.22
111.98 ± 5.70
110.84 ± 7.14
108.13 ± 6.19
102.82 ± 5.79
108.28 ± 3.93
114.72 ± 3.22
101.54 ± 5.17
103.02 ± 1.52

Intra-day

a

(n ¼ 3)

c

Litchi wine

GA

CGA

CA

p-CMA

FA

Ru

5
20
100
5
20
100
5
20
100
5
20
100
5
20
100
5
20
100

(continued on next page)
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Table S2. (continued )
Sample

Analyte

Spike Level (ng/mL)

Inter-day

b

(n ¼ 9)

Recovery (%) ± SD

Recovery

c

(%) ± SD

105.45 ± 9.68
95.98 ± 4.68
89.87 ± 7.52
100.28 ± 9.11
102.92 ± 8.97
98.89 ± 8.83
84.00 ± 9.93
87.90 ± 5.97
113.63 ± 7.25
98.99 ± 6.60
99.89 ± 8.74
92.56 ± 8.31
103.11 ± 9.36
106.11 ± 9.84
102.01 ± 3.29

107.03 ± 6.41
91.02 ± 8.61
89.25 ± 2.12
111.30 ± 9.57
108.95 ± 5.68
102.37 ± 3.17
103.04 ± 6.51
83.55 ± 3.93
112.65 ± 8.45
114.86 ± 8.19
100.88 ± 8.54
97.41 ± 4.23
98.84 ± 8.36
112.58 ± 9.25
101.87 ± 5.42

Intra-day

a

(n ¼ 3)

c

Que

Hes

SA

Cate

Epi

a
b
c

5
20
100
5
20
100
5
20
100
5
20
100
5
20
100

n ¼ 3 extractions in the same day.
n ¼ 9 extractions in 3 consecutive days.
Recovery (%) ¼ (spike sample conc. e non-spike sample conc.)/spike conc.  100%.
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